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(57) ABSTRACT 

In a refrigeration cycle device, a design Volume ratio, 
obtained by dividing a stroke Volume of a sub-compressor by 
a stroke Volume of an expander, is set to be Smaller than 
(DE/DC)xhE-hF)/(hB-hA). With an operating efficiency 
being the maximum in an operating range allowed to be set of 
the refrigeration cycle device, DE is a density of a refrigerant, 
which has flowed out from a radiator, DC is a density of the 
refrigerant, which has flowed out from an evaporator, hE is a 
specific enthalpy of the refrigerant flowing into the expander, 
hF is a specific enthalpy of the refrigerant, which has flowed 
out from the expander, ha is a specific enthalpy of the refrig 
erant Sucked by a main compressor, and hB is a specific 
enthalpy of the refrigerant at an intermediate position of a 
compression process of the main compressor. 
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REFRGERATION CYCLE DEVICE 

TECHNICAL FIELD 

0001. The present invention relates to refrigeration cycle 
devices, and more particularly relates to a refrigeration cycle 
device that coaxially couples a compressor and an expander, 
recovers expansion power which is generated when a refrig 
erant expands, and uses the expansion powerfor compression 
of the refrigerant. 

BACKGROUND ART 

0002. In recent years, a refrigeration cycle device has been 
attracting attentions that uses, as a refrigerant, carbon diox 
ide, which has Zero oZonosphere rupture potential and a 
markedly Small global warming potential as compared with 
those of chlorofluorocarbons. The critical temperature of the 
carbon dioxide refrigerant is as low as 31.06 degrees C. When 
a temperature higher than this temperature is used, the refrig 
erant at a high-pressure side (from the outlet of a compressor, 
to a radiator, and then to the inlet of a pressure-reducing 
device) of the refrigeration cycle device becomes a supercriti 
cal state in which the refrigerant is not condensed, thereby 
decreasing operating efficiency (coefficient of performance, 
COP) of the refrigeration cycle device as compared with a 
conventional refrigerant. Hence, means for increasing COP is 
important for the refrigeration cycle device using the carbon 
dioxide refrigerant. 
0003. As such means, there is suggested a refrigeration 
cycle including an expander instead of the pressure-reducing 
device and recovering pressure energy during expansion to 
use the pressure energy as power. Meanwhile, in a refrigera 
tion cycle device with a configuration in which positive 
Volume compressor and expander are coupled with one shaft, 
when VC is a stroke volume of the compressor and VE is a 
stroke Volume of the expander, a ratio of circulation Volumes 
of the refrigerants respectively flowing through the compres 
sor and the expander is determined by VC/VE (a design 
volume ratio). When DC is a density of the refrigerant at the 
outlet of an evaporator (the refrigerant which flows into the 
compressor) and DE is a density of the refrigerant at the outlet 
of the radiator (the refrigerant which flows into the expander), 
a relationship of “VCxDC=VExDE,” that is, a relationship of 
“VC/VE=DE/DC is established since the circulation vol 
umes of the refrigerant flows respectively flowing through the 
compressor and the expander are equivalent. VC/VE (the 
design Volume ratio) is a constant that is determined when the 
device is designed. The refrigeration cycle tends to keep 
balance so that DE/DC (the density ratio) is always constant. 
(Hereinafter, the phenomenon is called “constraint of con 
stant density ratio.”) 
0004. However, use conditions of the refrigeration cycle 
device may not be constant, and hence if the design Volume 
ratio expected at the time of the design differs from the 
density ratio in the actual operating state, it is difficult to 
adjust the high-pressure-side pressure to an optimal pressure 
due to the “constraint of constant density ratio.” 
0005 Owing to this, there is suggested a configuration and 
a control method for adjusting the high-pressure-side pres 
Sure to the optimal pressure by providing a bypass passage 
that bypasses the expander and controlling the amount of 
refrigerant which flows into the expander (for example, see 
Patent Literature 1). 
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0006 Also, there is suggested a configuration and a con 
trol method for adjusting the high-pressure-side pressure to 
the optimal pressure by providing a compression bypass pas 
sage that bypasses a phase from an intermediate position of a 
compression process of a main compressor to completion of 
the compression process and a sub-compressor provided in 
the compression bypass passage, and controlling the amount 
of refrigerant which flows into the sub-compressor (for 
example, see Patent Literature 2), 

CITATION LIST 

Patent Literature 

0007 Patent Literature 1: Japanese Unexamined Patent 
Application Publication No. 2005-291622 (Claim 1, FIG. 
1, etc.) 

0008 Patent Literature 2: Japanese Unexamined Patent 
Application Publication No. 2009-162438 (Abstract, FIG. 
1, etc) 

SUMMARY OF INVENTION 

Technical Problem 

0009 Patent Literature 1 describes the configuration and 
the control method that can adjust the high-pressure-side 
pressure to the optimal pressure by causing the refrigerant to 
flow to the bypass passage that bypasses the expander if the 
density ratio in the actual operating state is smaller than the 
design Volume ratio; however, the refrigerant flowing through 
a bypass valve may be subjected to isenthalpic change 
because of an expansion loss. Hence, there is a problem in 
which an effect of increasing refrigerating effect, obtained by 
being Subjected to the isentropic change while the expander 
recovers the expansion energy, is decreased. 
0010 Also, if the amount of refrigerant that bypasses the 
expander is large, the rotation speed of the expander is low 
and a lubrication state of a sliding portion is degraded. If the 
rotation speed of the expander becomes excessively low, there 
are problems in which oil stays in a passage of the expander 
and hence the oil in the compressor is exhausted and in which 
reliability is degraded because of, for example, start with the 
stagnated refrigerant at the time of restart. 
0011. Also, Patent Literature 2 intends to address the 
above-described problems by not bypassing the expander. 
However, since the bypass valve is provided at the inlet of the 
Sub-compressor, the pressure at the inlet of the Sub-compres 
sor is decreased due to a pressure loss, and compression 
power is increased by that amount. Because of this, there is a 
problem in which the effect of increasing the operating effi 
ciency may be decreased. 
0012. Further, Patent Literature 2 does not describe the 
method of setting the specifications of the expander, the Sub 
compressor, and the main compressor to achieve an increase 
in performance of the refrigeration cycle device in the entire 
operating range. 
0013 The present invention is made to address the prob 
lems, and an object of the invention is to provide a refrigera 
tion cycle device capable of providing highly efficient opera 
tion by constantly highly efficiently recovering power in a 
wide operating range even if it is difficult to adjust a high 
pressure-side pressure to an optimal pressure due to con 
straint of constant density ratio. 
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Solution to Problem 

0014. A refrigeration cycle device according to the inven 
tion includes a main compressor that compresses arefrigerant 
from a low pressure to a high pressure; a radiator that dissi 
pates heat of the refrigerant, which has been discharged from 
the main compressor, an expander that reduces a pressure of 
the refrigerant, which has passed through the radiator, an 
evaporator that causes the refrigerant, which has flowed out 
from the expander, to evaporate; a Sub-compression passage 
having one end connected to a Suction pipe, which connects 
the evaporator with a Suction side of the main compressor, and 
the other end connected to an intermediate position of a 
compression process of the main compressor; a Sub-compres 
Sor that is provided in the Sub-compression passage, com 
presses part of the refrigerant with the low pressure, which 
has flowed out from the evaporator, to an intermediate pres 
Sure, and injects the refrigerant to the intermediate position of 
the compression process of the main compressor; and a driv 
ing shaft that connects the expander with the Sub-compressor, 
and transfers power, which is generated when the pressure of 
the refrigerant is reduced by the expander, to the sub-com 
pressor. 
0015. A design volume ratio (VC/VE), which is a value 
obtained by dividing a stroke volume VC of the sub-compres 
sor by a stroke volume VE of the expander, is set to be smaller 
than (DE/DC)x(hE hF)/(hB-ha) only by a predetermined 
value, where, under a condition with an operating efficiency 
being the maximum in an operating range allowed to be set of 
the refrigeration cycle device, DE is a density of the refriger 
ant, which has flowed out from the radiator, DC is a density of 
the refrigerant, which has flowed out from the evaporator, hE 
is a specific enthalpy of the refrigerant, which flows into the 
expander, hF is a specific enthalpy of the refrigerant, which 
has flowed out from the expander, ha is a specific enthalpy of 
the refrigerant, which is Sucked by the main compressor, and 
hB is a specific enthalpy of the refrigerant at the intermediate 
position of the compression process of the main compressor. 

Advantageous Effects of Invention 
0016. With the refrigeration cycle device according to the 
invention, even if it is difficult to adjust the high-pressure-side 
pressure to the optimal pressure due to the constraint of con 
stant density ratio, the refrigeration cycle device can provide 
highly efficient operation by highly efficiently recovering 
power in a wide operating range. 

BRIEF DESCRIPTION OF DRAWINGS 

0017 FIG. 1 is a refrigerant circuit diagram of a refrigera 
tion cycle device according to Embodiment of the invention. 
0018 FIG. 2 is a schematic longitudinal section showing a 
sectional configuration of a main compressor according to 
Embodiment of the invention. 
0019 FIG. 3 is a P-h diagram showing transition of a 
refrigerant during a cooling operation of the refrigeration 
cycle device according to Embodiment of the invention. 
0020 FIG. 4 is a P-h diagram showing transition of the 
refrigerant during a heating operation of the refrigeration 
cycle device according to Embodiment of the invention. 
0021 FIG. 5 is a flowchart showing a flow of control 
processing performed by a controller of the refrigeration 
cycle device according to Embodiment of the invention. 
0022 FIG. 6 is an operation explanatory diagram showing 
associated control of an intermediate-pressure bypass valve 
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and a pre-expansion valve of the refrigeration cycle device 
according to Embodiment of the invention. 
0023 FIG. 7 is a P-h diagram showing transition of the 
refrigerant when an operation of closing the pre-expansion 
valve is performed during the cooling operation executed by 
the refrigeration cycle device according to Embodiment of 
the invention. 
0024 FIG. 8 is a P-h diagram showing transition of the 
refrigerant when an operation of opening the intermediate 
pressure bypass valve is performed during the cooling opera 
tion executed by the refrigeration cycle device according to 
Embodiment of the invention. 
0025 FIG. 9 is a P-h diagram showing part of transition of 
a carbon dioxide refrigerant. 
0026 FIG. 10 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the COP 
improvement rate with an example of a main compressor 
according to Embodiment of the invention (a main compres 
Sor having an injection port at an early position). 
0027 FIG. 11 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the COP 
improvement rate with an example of a main compressor 
according to Embodiment of the invention (a main compres 
Sor having an injection port at an intermediate position). 
0028 FIG. 12 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the COP 
improvement rate with an example of a main compressor 
according to Embodiment of the invention (a main compres 
Sor having an injection port at a late position). 
0029 FIG. 13 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the intermedi 
ate pressure under a cooling condition having a difference in 
position of the injection port of the main compressor accord 
ing to Embodiment of the invention. 
0030 FIG. 14 reflects the result of FIG. 13 to the relation 
ship between the design volume ratio and the COP improve 
ment rate under the cooling conditions shown in FIGS. 10 to 
12. 
0031 FIG. 15 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the intermedi 
ate pressure under a heating condition having a difference in 
position of the injection port of the main compressor accord 
ing to Embodiment of the invention. FIG. 16 FIG. 16 
reflects the result of FIG. 15 to the relationship between the 
design volume ratio and the COP improvement rate under the 
heating conditions shown in FIGS. 10 to 12. 

DESCRIPTION OF EMBODIMENT 

Embodiment 

0032 FIG. 1 is a refrigerant circuit diagram of a refrigera 
tion cycle device 100 according to Embodiment of the inven 
tion. FIG. 2 is a schematic longitudinal section showing a 
sectional configuration of a main compressor 1 mounted on 
the refrigeration cycle device 100. FIG. 3 is a P-h diagram 
showing transition of a refrigerant during a cooling operation 
of the refrigeration cycle device 100. FIG. 4 is a P-h diagram 
showing transition of the refrigerant during a heating opera 
tion of the refrigeration cycle device 100. FIG. 5 is a flowchart 
showing a flow of control processing executed by a controller 
83 of the refrigeration cycle device 100. FIG. 6 is an operation 
explanatory diagram showing associated control of an inter 
mediate-pressure bypass valve 9 and a pre-expansion valve 6 
of the refrigeration cycle device 100. 
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0033. A circuit configuration and an operation of the 
refrigeration cycle device 100 are described below with ref 
erence to FIGS. 1 to 6. It is to be noted that the relationship of 
sizes of components in FIG. 1 and other drawings may differ 
from the actual relationship. Also, in FIG. 1 and other draw 
ings, components adhered with the same reference signs cor 
respond to the same or equivalent components. This is com 
mon through the whole text of the description. Further, forms 
of components expressed in the whole text of the description 
are merely examples, and the components are not limited by 
the explanation of the example forms. 
0034. The refrigeration cycle device 100 at least includes 
the main compressor 1, an outdoor heat exchanger 4, an 
expander 7, an indoor heat exchanger 21, and a Sub-compres 
sor 2. Also, the refrigeration cycle device 100 includes a first 
four-way valve 3 serving as a refrigerant passage Switching 
unit, a second four-way valve 5 serving as a refrigerant pas 
sage Switching unit, the pre-expansion valve 6, an accumula 
tor 8, the intermediate-pressure bypass valve 9, and a check 
valve 10. Further, the refrigeration cycle device 100 includes 
the controller 83 that controls the entirety of the refrigeration 
cycle device 100. 
0035. The main compressor 1 includes a motor 102. The 
motor 102 is connected to a compression part through a shaft 
103 serving as a driving shaft. That is, the main compressor 1 
compresses a Sucked refrigerant and brings the refrigerant 
into a high-temperature high-pressure State by using a driving 
force of the motor 102. This main compressor 1 may be a 
configuration the volume of which can be controlled, for 
example, an inverter compressor. It is to be noted that the 
detail of the main compressor 1 is described later with refer 
ence to FIG. 2. 

0036. The outdoor heat exchanger 4 functions as a radiator 
in which the refrigerant contained therein transfers heat dur 
ing a cooling operation, and functions as an evaporator in 
which the refrigerant contained therein evaporates during a 
heating operation. For example, the outdoor heat exchanger 4 
exchanges heat between the air, which is Supplied from a fan 
(not shown), and the refrigerant. 
0037. The outdoor heat exchanger 4 has aheat transferring 
pipe, through which the refrigerant passes, and a fin for 
obtaining an increased heat transferring area between the 
refrigerant flowing through the heat transferring pipe and the 
outdoor air. The outdoor heat exchanger 4 is configured to 
exchange heat between the refrigerant and the air (the outdoor 
air). The outdoorheat exchanger 4 functions as the evaporator 
during the heating operation. The outdoor heat exchanger 4 
causes the refrigerant to evaporate and gasifies (vaporizes) the 
refrigerant. In some cases, the outdoor heat exchanger 4 may 
not completely gasify or vaporize the refrigerant, and may 
bring the refrigerant into a two-phase mixture of gas and 
liquid (two-phase gas-liquid refrigerant). 
0038. In contrast, the outdoor heat exchanger 4 functions 
as the radiator during the cooling operation. The refrigerant 
which operates with a critical pressure or lower in a heat 
transfer process is condensed in the heat-transfer process, and 
hence the heat exchanger used in the heat-transfer process 
may be called condenser or gas cooler. However, in Embodi 
ment, the heat exchanger used in the heat-transfer process is 
called “radiator” regardless of the type of refrigerant. 
0039. The indoor heat exchanger 21 functions as an evapo 
rator in which the refrigerant contained therein evaporates 
during the cooling operation, and functions as a radiator in 
which the refrigerant contained therein dissipates heat during 
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the heating operation. For example, the indoorheat exchanger 
21 exchanges heat between the air, which is Supplied from a 
fan (not shown), and the refrigerant. 
0040. The indoor heat exchanger 21 has a heat transferring 
pipe, through which the refrigerant passes, and a fin for 
increasing a heat transferring area between the refrigerant 
flowing through the heat transferring pipe and the outdoor air. 
The indoor heat exchanger 21 is configured to exchange heat 
between the refrigerant and the indoor air. The indoor heat 
exchanger 21 functions as the evaporator during the cooling 
operation. The indoor heat exchanger 21 causes the refriger 
ant to evaporate and gasifies (vaporizes) the refrigerant. In 
contrast, the indoor heat exchanger 21 functions as the radia 
tor during the heating operation. 
0041. The expander 7 reduces the pressure of the refriger 
ant passing therethrough, Power which is generated when the 
pressure of the refrigerant is reduced is transferred to the 
Sub-compressor 2 through a driving shaft 43. The Sub-com 
pressor 2 is connected to the expander 7 through the driving 
shaft 43. The sub-compressor 2 is driven by the power which 
is generated when the expander 7 reduces the pressure of the 
refrigerant, and the Sub-compressor 2 compresses the refrig 
erant. The refrigeration cycle device 100 according to 
Embodiment includes a Sub-compression passage 31 that 
connects a Suction pipe 32 of the main compressor 1 and an 
intermediate position of a compression process of the main 
compressor 1. The sub-compressor 2 is provided in the sub 
compression passage 31. That is, the Suction side of the Sub 
compressor 2 is connected in parallel to the main compressor 
1, and the discharge side of the Sub-compressor 2 is connected 
to the compression process of the main compressor 1. The 
expander 7 and the Sub-compressor 2 are positive-volume 
type, and employ a form of for example, Scroll type. 
0042. The first four-way valve 3 is provided in a discharge 
pipe 35 of the main compressor 1, and has a function of 
Switching the flow direction of the refrigerant in accordance 
with an operating mode. By Switching the first four-way valve 
3, connection is made between the outdoor heat exchanger 4 
and the main compressor 1, between the indoor heat 
exchanger 21 and the accumulator 8, between the indoor heat 
exchanger 21 and the main compressor 1, and between the 
outdoor heat exchanger 4 and the accumulator 8. That is, the 
first four-way valve 3 performs switching in accordance with 
the operating mode relating to cooling and heating based on 
an instruction of the controller 83, and hence switches the 
passage of the refrigerant. 
0043. The second four-way valve 5 connects the expander 
7 to the outdoorheat exchanger 4 or the indoorheat exchanger 
21 in accordance with the operating mode. By Switching the 
second four-way valve 5, connection is made between the 
outdoor heat exchanger 4 and the pre-expansion valve 6, and 
between the indoor heat exchanger 21 and the expander 7; or 
between the indoor heat exchanger 21 and the pre-expansion 
valve 6, and between the outdoor heat exchanger 4 and the 
expander 7. That is, the second four-way valve 5 performs 
Switching in accordance with the operating mode relating to 
cooling and heating based on an instruction of the controller 
83, and hence Switches the passage of the refrigerant. 
0044. During the cooling operation, the first four-way 
valve 3 is switched such that the refrigerant flows from the 
main compressor 1 to the outdoor heat exchanger 4 and flows 
from the indoor heat exchanger 21 to the accumulator 8, and 
the second four-way valve 5 is switched such that the refrig 
erant flows from the outdoor heat exchanger 4 to the indoor 
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heat exchanger 21 through the pre-expansion valve 6 and the 
expander 7. In contrast, during the heating operation, the first 
four-way valve 3 is switched such that the refrigerant flows 
from the main compressor 1 to the indoor heat exchanger 21 
and flows from the outdoor heat exchanger 4 to the accumu 
lator 8, and the second four-way valve 5 is switched such that 
the refrigerant flows from the indoor heat exchanger 21 to the 
outdoor heat exchanger 4 through the pre-expansion valve 6 
and the expander 7. With the second four-way valve 5, the 
direction of the refrigerant passing through the expander 7 is 
the same in either of the cooling operation and the heating 
operation. 
0045. The pre-expansion valve 6 may be a configuration, 
which is provided upstream of the expander 7, which expands 
the refrigerant by reducing the pressure of the refrigerant, and 
the opening degree of which is variably controllable, for 
example, an electronic expansion valve. To be more specific, 
the pre-expansion valve 6 is provided in a refrigerant passage 
34 arranged between the second four-way valve 5 and the 
inlet of the expander 7 (i.e., between the refrigerant outflow 
side of the radiator (the outdoor heat exchanger 4 or the 
indoor heat exchanger 21) and the refrigerant inflow side of 
the expander 7), and adjusts the pressure of the refrigerant 
which flows into the expander 7. 
0046. The accumulator 8 is provided at the suction side of 
the main compressor 1, and has a function of storing the liquid 
refrigerant and preventing the liquid from returning to the 
main compressor 1 during a transient response of the operat 
ing state when an error occurs in the refrigeration cycle device 
100 or when operation control is changed. The accumulator 8 
has a function of storing the excessive refrigerant in the refrig 
erant circuit of the refrigeration cycle device 100 and prevent 
ing the main compressor 1 from being broken due to returning 
back by a large amount of the liquid refrigerant returns to the 
main compressor 1 and the Sub-compressor 2 by a large 
amount. 

0047. The intermediate-pressure bypass valve 9 is pro 
vided at a bypass passage 33, which is branched from the 
Sub-compression passage 31 arranged between the Sub-com 
pressor 2 and the main compressor 1, and which extends to the 
suction pipe 32 of the main compressor 1. The intermediate 
pressure bypass valve 9 controls the flow rate of the refriger 
ant flowing through the bypass passage 33. The other end of 
the bypass passage 33 (an end portion opposite to a connec 
tion end to the Sub-compression passage 31) is connected 
between the position at which the Sub-compression passage 
31 is branched from the suction pipe 32 and the main com 
pressor 1. That is, the bypass passage 33 connects a discharge 
pipe of the Sub-compressor 2 (the Sub-compression passage 
31 between the sub-compressor 2 and the main compressor 1) 
and the Suction pipe 32 of the main compressor. The interme 
diate-pressure bypass valve 9 may have a configuration of 
which the opening degree is variably controllable, for 
example, an electronic expansion valve. By adjusting the 
opening degree of the intermediate-pressure bypass valve 9. 
the intermediate pressure, which is the discharge pressure of 
the Sub-compressor 2, can be adjusted. 
0048. The check valve 10 is provided in the sub-compres 
sion passage 31 of the Sub-compressor 2, and adjusts the flow 
direction of the refrigerant which flows into the main com 
pressor 1 to one direction (a direction from the Sub-compres 
Sor 2 to the main compressor 1). By providing this check 
valve 10, backflow of the refrigerant occurring when the 
discharge pressure of the Sub-compressor 2 becomes lower 
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than the pressure of a compressing chamber 108 of the main 
compressor 1 can be prevented. 
0049. For example, the controller 33 controls the driving 
frequency of the main compressor 1, the rotation speeds of the 
fans (not shown) provided near the outdoor heat exchanger 4 
and the indoor heat exchanger 21, switching of the first four 
way valve 3, switching of the second four-way valve 5, the 
opening degree of the pre-expansion valve 6, and the opening 
degree of the intermediate-pressure bypass valve 9. 
0050. It is to be noted that Embodiment is described while 

it is expected that the refrigeration cycle device 100 uses 
carbon dioxide as the refrigerant. Carbon dioxide has char 
acteristics in which an oZonosphere rupture potential is Zero 
and a global warming potential is Small as compared with 
those of a conventional chlorofluorocarbon refrigerant. How 
ever, the refrigerant used for the refrigeration cycle device 
100 according to Embodiment is not limited to carbon diox 
ide. 

0051. In the refrigeration cycle device 100, the main com 
pressor 1, the sub-compressor 2, the first four-way valve 3, the 
second four-way valve 5, the outdoor heat exchanger 4, the 
pre-expansion valve 6, the expander 7, the accumulator 3, the 
intermediate-pressure bypass valve 9, and the check valve 10 
are housed in an outdoor unit 31, In the refrigeration cycle 
device 100, the controller 83 is also housed in the outdoor unit 
81. Further, in the refrigeration cycle device 100, the indoor 
heat exchanger 21 is housed in an indoor unit 82. FIG. 1 
exemplarily illustrates a state in which the single outdoor unit 
81 (the outdoor heat exchanger 4) is connected to the single 
indoor unit 82 (the indoor heat exchanger 21) through a liquid 
pipe 36 and a gas pipe 37; however, the numbers of connected 
outdoor units 81 and indoor units 82 are not particularly 
limited. 

0.052 Also, temperature sensors (a temperature sensor 51, 
a temperature sensor 52, and a temperature sensor 53) are 
provided in the refrigeration cycle device 100. The tempera 
ture information detected by these temperature sensors is sent 
to the controller 83, and used for control of configuration 
units of the refrigeration cycle device 100. 
0053. The temperature sensor 51 is provided in the dis 
charge pipe 35 of the main compressor 1, detects the dis 
charge temperature of the main compressor 1 (i.e., the tem 
perature of the refrigerant, which is discharged from the main 
compressor 1), and may be formed of for example, a ther 
mistor. The temperature sensor 52 is provided near the out 
door heat exchanger 4 (for example, on the outer Surface), 
detects the temperature of the air which flows into the outdoor 
heat exchanger 4, and may be formed of for example, a 
thermistor. The temperature sensor 53 is provided near the 
indoor heat exchanger 21 (for example, on the outer Surface), 
detects the temperature of the air which flows into the indoor 
heat exchanger 21, and may be formed of, for example, a 
thermistor. 

0054. It is to be noted that the installation positions of the 
temperature sensor 51, the temperature sensor 52, and the 
temperature sensor 53 are not limited to the positions shown 
in FIG. 1. For example, the temperature sensor 51 may be 
installed at any position at which the temperature sensor 51 
can detect the temperature of the refrigerant discharged from 
the main compressor 1, the temperature sensor 52 may be 
installed at any position at which the temperature sensor 52 
can detect the temperature of the air around the outdoor heat 
exchanger 4, and the temperature sensor 53 may be installed 
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at any position at which the temperature sensor 53 can detect 
the temperature of the air around the indoor heat exchanger 
21. 
0055. Then, the configuration and operation of the main 
compressor 1 are described with reference to FIG. 2. The 
main compressor 1 is configured such that a shell 101 which 
forms the outline of the main compressor 1 houses therein, for 
example, the motor 102 serving as a driving Source, the shaft 
103 serving as the driving shaft rotationally driven by the 
motor 102, an oscillating scroll 104 attached to a distal end of 
the shaft 103 and rotationally driven together with the shaft 
103, and a fixed scroll 105 arranged above the oscillating 
scroll 104 and having a spiral body that meshes with a spiral 
body of the oscillating scroll 104. Also, an inflow pipe 106 
that is connected to the suction pipe 32, an outflow pipe 112 
that is connected to the discharge pipe 35, and an injection 
pipe 114 that is connected to the Sub-compression passage 31 
are connected to the shell 101. 
0056. A low-pressure space 107 that communicates with 
the inflow pipe 106 is formed in the shell 101, at an outermost 
periphery portion of the spiral bodies of the oscillating scroll 
104 and the fixed scroll 105. A high-pressure space 111 that 
communicates with the outflow pipe 112 is formed in an 
upper inner portion of the shell 101. A plurality of compres 
sion chambers of which the capacities relatively vary are 
formed between the spiral body of the oscillating scroll 104 
and the spiral body of the fixed scroll (for example, the com 
pression chamber 108 and a compression chamber 109 shown 
in FIG. 1). The compression chamber 109 represents a com 
pression chamber formed at Substantially center portions of 
the oscillating scroll 104 and the fixed scroll 105. The com 
pression chamber 108 represents a compression chamber 
formed at an intermediate position of a compression process, 
at the outside of the compression chamber 109. 
0057. An outflow port 110 that allows the compression 
chamber 109 to communicate with the high-pressure space 
111 is provided at the substantially centerportion of the fixed 
scroll 105. An injection port 113 that allows the compression 
chamber 103 to communicate with the injection pipe 114 is 
provided at the intermediate position of the compression pro 
cess of the fixed scroll 105. Also, an Oldham ring (not shown) 
for preventing rotation movement of the oscillating scroll 104 
during eccentric turning movement of the oscillating scroll 
104 is arranged in the shell 101. This Oldham ring provides 
the function of stopping the rotation movement and a function 
of allowing revolution movement of the oscillating scroll 104. 
0058. It is to be noted that the fixed scroll 105 is fixed in the 
shell 101. Also, the oscillating scroll 104 performs the revo 
lution movement without performing the rotation movement 
relative to the fixed scroll 105. Further, the motor 102 
includes at least a stator that is fixed and held in the shell 101, 
and a rotor that is rotatably arranged at the side of an inner 
peripheral surface of the stator and fixed to the shaft 103. The 
stator has a function of rotationally driving the rotor when the 
stator is energized. The rotor has a function of being rotation 
ally driven and rotating the shaft 103 when the stator is 
energized. 
0059. The operation of the main compressor 1 is briefly 
described. 
0060. When the motor 102 is energized, a torque is gen 
erated at the stator and the rotor forming the motor 102, and 
the shaft 103 is rotated. Since the oscillating scroll 104 is 
mounted at the distal end of the shaft 103, the oscillating 
scroll 104 performs the revolution movement. The compres 
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sion chamber moves toward the center while the capacity of 
the compression chamber is decreased by the revolution 
movement of the oscillating scroll 104, and hence the refrig 
erant is compressed. 
0061 The refrigerant compressed and discharged by the 
Sub-compressor 2 passes through the Sub-compression pas 
sage 31 and the check valve 10. Then, this refrigerant flows 
from the injection pipe 114 into the main compressor 1. 
Meanwhile, the refrigerant passing through the Suction pipe 
32 flows from the inflow pipe 106 into the main compressor 1. 
The refrigerant which has flowed from the inflow pipe 106 
flows into the low-pressure space 107, is enclosed in the 
compression chamber, and is gradually compressed. Then, 
when the compression chamber reaches the compression 
chamber 108 at the intermediate position of the compression 
process, the refrigerant flows from the injection port 113 into 
the compression chamber 108. 
0062 That is, the refrigerant which has flowed from the 
injection pipe 114 is mixed with the refrigerant which has 
flowed from the inflow pipe 106 in the compression chamber 
108. Then, the mixed refrigerant is gradually compressed and 
reaches the compression chamber 109. The refrigerant which 
has reached the compression chamber 109 passes through the 
outflow port 110 and the high-pressure space 111, then is 
discharged outside the shell 101 through the outflow pipe 112, 
and passes through the discharge pipe 35. 
0063) Next, the operating action of the refrigeration cycle 
device 100 is described. 

<Cooling Operation Mode> 
0064. First, the action executed by the refrigeration cycle 
device 100 during the cooling operation is described with 
reference to FIGS. 1 and 3. It is to be noted that signs. A to G 
shown in FIG. 1 correspond to signs A to G shown in FIG. 3. 
Also, in the cooling operation mode, the first four-way valve 
3 and the second four-way valve 5 are controlled in a state 
indicated by “solid lines' in FIG.1. Here, the high/low level 
of the pressure in the refrigerant circuit or the like of the 
refrigeration cycle device 100 is not determined in relation to 
a reference pressure, but a relative pressure as the result of an 
increase in pressure by the main compressor 1 or the Sub 
compressor 2, or a reduction in pressure by the pre-expansion 
valve 6 or the expander 7 is expressed as a high pressure or a 
low pressure. Also, the high/low level of the temperature is 
similarly expressed. 
0065 During the cooling operation, a sucked low-pressure 
refrigerant is sucked into the main compressor 1 and the 
Sub-compressor 2. The low-pressure refrigerant Sucked into 
the Sub-compressor 2 is compressed by the Sub-compressor 2 
and becomes an intermediate-pressure refrigerant (from a 
state A to a state B). The intermediate-pressure refrigerant 
compressed by the Sub-compressor 2 is discharged from the 
Sub-compressor 2, and is introduced into the main compres 
Sor 1 through the Sub-compression passage 31 and the injec 
tion pipe 114. The intermediate-pressure refrigerant is mixed 
with the refrigerant Sucked into the main compressor 1, is 
further compressed by the main compressor 1, and becomes a 
high-temperature high-pressure refrigerant (from the state B 
to a state C). The high-temperature high-pressure refrigerant 
compressed by the main compressor 1 is discharged from the 
main compressor 1, passes through the first four-way valve 3. 
and flows into the outdoor heat exchanger 4. 
0066. The refrigerant which has flowed into the outdoor 
heat exchanger 4 dissipates heat by exchanging heat with the 
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outdoor air Supplied to the outdoor heat exchanger 4, transfers 
heat to the outdoor air, and becomes a low-temperature high 
pressure refrigerant (from the state C to a state D). The low 
temperature high-pressure refrigerant flows out from the out 
door heat exchanger 4, passes through the second four-way 
valve 5, and passes through the pre-expansion valve 6. The 
pressure of the low-temperature high-pressure refrigerant is 
reduced when passing through the pre-expansion valve 6 
(from the state D to a state E). The refrigerant of which the 
pressure has been reduced by the pre-expansion valve 6 is 
sucked into the expander 7. The pressure of the refrigerant 
sucked into the expander 7 is reduced and the temperature of 
the refrigerant becomes a low temperature. Hence, the refrig 
erant becomes a refrigerant in a low quality state (from the 
state E to a state F). 
0067. At this time, power is generated in the expander 7 as 
the result of the reduction in pressure of the refrigerant. The 
power is recovered by the driving shaft 43, transferred to the 
Sub-compressor 2, and used for the compression of the refrig 
erant by the sub-compressor 2. The refrigerant of which the 
pressure has been reduced by the expander 7 is discharged 
from the expander 7, passes through the second four-way 
valve 5, and then flows out from the outdoor unit 81. The 
refrigerant, which has flowed out from the outdoor unit 81, 
flows through the liquid pipe 36 and flows into the indoor unit 
82. 
0068. The refrigerant which has flowed into the indoor 
unit 82 flows into the indoor heat exchanger 21, receives heat 
from the indoor air supplied to the indoor heat exchanger 21 
and evaporates, and becomes a refrigerant continuously hav 
ing the low pressure but being in a high quality state (from the 
state F to a state G). Accordingly, the indoor air is cooled. This 
refrigerant flows out from the indoor heat exchanger 21, also 
flows out from the indoor unit 82, flows through the gas pipe 
37, and flows into the outdoor unit 81. The refrigerant which 
has flowed into the outdoor unit 81 passes through the first 
four-way valve 3, flows into the accumulator 8, and then is 
Sucked again into the main compressor 1 and the Sub-com 
pressor 2. 
0069. Since the refrigeration cycle device 100 repeats the 
above-described action, the heat of the indoor air is trans 
ferred to the outdoor air and hence the indoor air is cooled. 

<Heating Operation Mode> 
0070 The action executed by the refrigeration cycle 
device 100 during the heating operation is described with 
reference to FIGS. 1 and 4. It is to be noted that signs. A to G 
shown in FIG. 1 correspond to signs A to G shown in FIG. 4. 
Also, in the heating operation mode, the first four-way valve 
3 and the second four-way valve 5 are controlled in a state 
indicated by “broken lines” in FIG. 1. 
0071. During the heating operation, a sucked low-pressure 
refrigerant is Sucked into the main compressor 1 and the 
Sub-compressor 2. The low-pressure refrigerant Sucked into 
the Sub-compressor 2 is compressed by the Sub-compressor 2 
and becomes an intermediate-pressure refrigerant (from the 
state A to the state B). The intermediate-pressure refrigerant 
compressed by the Sub-compressor 2 is discharged from the 
Sub-compressor 2, and is introduced into the main compres 
Sor 1 through the Sub-compression passage 31 and the injec 
tion pipe 114. The intermediate-pressure refrigerant is mixed 
with the refrigerant Sucked into the main compressor 1, is 
further compressed by the main compressor 1, and becomes a 
high-temperature high-pressure refrigerant (from the state B 
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to the state G). The high-temperature high-pressure refriger 
ant compressed by the main compressor 1 is discharged from 
the main compressor 1, passes through the first four-way 
valve 3, and flows out from the outdoor unit 81. 
0072 The refrigerant, which has flowed out from the out 
door unit 81, flows through the gas pipe 37 and flows into the 
indoor unit 82. The refrigerant which has flowed into the 
indoor unit 82 flows into the indoor heat exchanger 21, dis 
sipatesheat by exchanging heat with the indoor air Supplied to 
the indoor heat exchanger 21, transfers heat to the indoor air, 
and becomes a low-temperature high-pressure refrigerant 
(from the state G to the state F). Accordingly, the indoor air is 
heated. This low-temperature high-pressure refrigerant flows 
out from the indoor heat exchanger 21, also flows out from the 
indoor unit 82, flows through the liquid pipe 36, and flows into 
the outdoor unit 81. The refrigerant which has flowed into the 
outdoor unit 81 passes through the second four-way valve 5, 
and passes through the pre-expansion valve 6. The pressure of 
the low-temperature high-pressure refrigerant is reduced 
when the high-pressure refrigerant passes through the pre 
expansion valve 6 (from the state F to the state E). 
0073. The refrigerant the pressure of which has been 
reduced by the pre-expansion valve 6 is sucked into the 
expander 7. The pressure of the refrigerant sucked into the 
expander 7 is reduced and the temperature of the refrigerant 
becomes a low temperature. Hence, the refrigerant becomes a 
refrigerant in a low quality state (from the state E to the state 
D). At this time, power is generated in the expander 7 as the 
result of the reduction in pressure of the refrigerant. The 
power is recovered by the driving shaft 43, transferred to the 
Sub-compressor 2, and used for the compression of the refrig 
erant by the sub-compressor 2. The refrigerant the pressure of 
which has been reduced by the expander 7 is discharged from 
the expander 7, passes through the second four-way valve 5, 
and then flows into the outdoor heat exchanger 4. The refrig 
erant which has flowed into the outdoor heat exchanger 4 
receives heat from the outdoor air supplied to the outdoor heat 
exchanger 4 and evaporates, and becomes a refrigerant con 
tinuously having the low pressure but being in a high quality 
state (from the state D to the state C). 
0074 The refrigerant flows out from the outdoor heat 
exchanger 4, passes through the first four-way valve 3, flows 
into the accumulator 8, and then is Sucked again into the main 
compressor 1 and the Sub-compressor 2. 
(0075 Since the refrigeration cycle device 100 repeats the 
above-described action, the heat of the outdoor air is trans 
ferred to the indoor air and hence the indoor air is heated. 

(Description on Flow Rates of Refrigerant Flowing Through 
Sub-Compressor and Expander) 

0076. Here, the flow rates of the refrigerants of the sub 
compressor 2 and the expander 7 are described. 
0077. It is assumed that GE is a flow rate of the refrigerant 
flowing through the expander 7, and GC is a flow rate of the 
refrigerant flowing through the Sub-compressor 2. Also, when 
it is assumed that W is a ratio of the flow rate (referred to as 
diverting ratio) of the refrigerant flowing through the sub 
compressor 2 from among the total flow rate of the refrigerant 
flowing to the main compressor 1 and the Sub-compressor 2. 
the relationship between GE and GC is expressed by Expres 
sion (1) as follows: 

GC=XGE (1). 
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0078 Hence, when VC is a stroke volume of the sub 
compressor 2, VE is a stroke volume of the expander 7, DC is 
an inflow refrigerant density of the sub-compressor 2, and DE 
is an inflow refrigerant density of the expander 7, the con 
straint of constant density ratio is expressed by Expression (2) 
as follows: 

VC/WEAW=DEADC (2). 

In other words, the design volume ratio (VC/VE) is expressed 
by Expression (3) as follows: 

0079 Also, the diverting ratioW can be determined such 
that the recovery power at the expander 7 and the compression 
power at the Sub-compressor 2 are substantially equivalent to 
each other. To be more specific, when hE is an inlet specific 
enthalpy of the expander 7, hF is an outlet specific enthalpy of 
the expander 7, hA is an inlet specific enthalpy of the sub 
compressor 2, and hB is an outlet specific enthalpy of the 
sub-compressor 2, the diverting ratioW may be determined to 
satisfy Expression (4) as follows: 

hE-hF= WX(hB–h4) (4), 

(Effect of Injection) 
0080 Since the refrigeration cycle device 100 injects the 
refrigerant to the main compressor 1 after the Sub-compressor 
2 compresses part of the low-pressure refrigerant to the inter 
mediate pressure, an electric input of the main compressor 1 
can be reduced by the amount of the compression power of 
the Sub-compressor 2. 
(Description when Density Ratio Being Different) 
0081. Next, the cooling operation at a time when a density 
ratio (DE/DC) in an actual operating state differs from a 
design volume ratio (VC/VE/W) expected at the time of the 
design is described. 
Cooling Operation when (DE/DC)>(VC/VE/W) 
0082. A cooling operation at a time when the density ratio 
(DE/DC) in the actual operating state is larger than the Vol 
ume ratio (VC/VE/W) expected at the time of the design is 
described. In this case, for the constraint of constant density 
ratio, the refrigeration cycle tends to keep balance in a state in 
which the high-pressure-side pressure is reduced so that the 
inlet refrigerant density (DE) of the expander 7 is decreased. 
However, in the state in which the high-pressure-side pressure 
is lower thana desirable pressure, operating efficiency may be 
decreased. 
0083. Owing to this, if the intermediate-pressure bypass 
valve 9 is not a full-close state, the intermediate-pressure 
bypass valve 9 is operated in the closing direction, so as to 
increase the intermediate pressure and increase the required 
compression power of the Sub-compressor 2. Then, the rota 
tion speed of the expander 7 tends to decrease, and hence the 
refrigeration cycle tends to keep balance in a direction in 
which the inlet density of the expander 7 is increased. 
0084. In contrast, if the intermediate-pressure bypass 
valve 9 is the full-close state, the pre-expansion valve 6 is 
operated in the closing direction, so as to expand the refrig 
erant which flows into the expander 7 (from the state D to a 
state E2) as shown in FIG. 7 and decrease the refrigerant 
density. Then, the refrigeration cycle tends to keep balance in 
the direction in which the inlet density of the expander 7 is 
increased. FIG. 7 is a P-h diagram showing transition of the 
refrigerant when an operation of closing the pre-expansion 
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valve 6 is performed during the cooling operation executed by 
the refrigeration cycle device 100. 
I0085. To be more specific, in the cooling operation of 
(DE/DC)>(VC/VE/W), the refrigeration cycle device 100 
tends to keep balance of the refrigeration cycle in a direction 
in which the high-pressure-side pressure is increased by con 
trol such that the intermediate-pressure bypass valve 9 is 
closed or the pre-expansion valve 6 is closed. Owing to this, 
the refrigeration cycle device 100 can increase the high-pres 
Sure-side pressure and adjust the high-pressure-side pressure 
to the desirable pressure. Also, since the refrigerant does not 
bypass the expander 7, efficient operation can be realized. It is 
to be noted that the high-pressure-side pressure represents a 
pressure from the outflow port of the main compressor 1 to the 
pre-expansion valve 6, and may be a pressure at any position 
between the outflow port of the main compressor 1 and the 
pre-expansion Valve 6. 
Cooling Operation when (DE/DC)<(VC/VE/W) 
I0086) Next, a cooling operation when the density ratio 
(DE/EC) in the actual operating state is smaller than the 
volume ratio (VC/VE/W) expected at the time of the design is 
described. In this case, for the constraint of constant density 
ratio, the refrigeration cycle tends to keep balance in a state in 
which the high-pressure-side pressure is increased so that the 
inlet refrigerant density (DE) of the expander 7 is increased. 
However, in the state in which the high-pressure-side pressure 
is higher than the desirable pressure, the operating efficiency 
may be decreased. 
I0087. Owing to this, if the pre-expansion valve 6 is not a 
full-open state, the pre-expansion valve 6 is operated in the 
opening direction, so that the refrigerant which flows into the 
expander 7 does not expand, and the refrigerant density is 
increased. Then, the refrigeration cycle tends to keep balance 
in the direction in which the inlet density of the expander 7 is 
decreased. 
I0088. In contrast, if the pre-expansion valve 6 is the full 
open state, the intermediate-pressure bypass valve 9 is oper 
ated in the opening direction. The operation of the refrigerant 
cycle at this time is described with reference to FIG.8. FIG. 
8 is a P-h diagram showing transition of the refrigerant when 
an operation of opening the intermediate-pressure bypass 
valve 9 is performed during the cooling operation executed by 
the refrigeration cycle device 100. 
I0089. The sub-compressor 2 compresses the refrigerant, 
which has flowed out from the accumulator 8, to the interme 
diate pressure (from the state G to the state B). A part of the 
refrigerant discharged from the Sub-compressor 2 passes 
through the check valve 10 and is injected to the main com 
pressor 1. Also, residual part of the refrigerant discharged 
from the Sub-compressor 2 passes through the intermediate 
pressure bypass valve 9, and joins the refrigerant flowing 
through the Suction pipe 32 of the main compressor 1 (a state 
A2). The refrigerant in the state A2 Sucked to the main com 
pressor 1joins the refrigerant compressed to the intermediate 
pressure and injected, and is further compressed (a state C2). 
Then, the intermediate-pressure is reduced, the required com 
pression power of the Sub-compressor 2 is decreased, and 
hence the rotation speed of the expander 7 tends to be 
increased. The refrigeration cycle tends to keep balance in the 
direction in which the inlet density of the expander 7 is 
decreased. 
(0090 That is, in the cooling operation of (DE/DC)<(VC/ 
VE/W), the refrigeration cycle device 100 tends to keep bal 
ance in a direction in which the high-pressure-side pressure is 
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reduced by control such that the pre-expansion valve 6 is 
opened or the intermediate-pressure bypass valve 9 is opened. 
Owing to this, the refrigeration cycle device 100 can adjust 
the high-pressure-side pressure to the desirable pressure by 
reducing the high-pressure-side pressure. Also, since the 
refrigerant does not bypass the expander 7, efficient operation 
can be realized. 
Heating Operation when (DE/DC)2(VC/VE/W) There may 
be a case in which the density ratio (DE/DC) in the actual 
operating state differs from the design volume ratio (VC/VE/ 
W) expected at the time of the design. The operations of the 
sub-compressor 2 and the expander 7 are controlled like the 
cooling operation, and hence the description is omitted. 
0091 Next, the flow of control processing executed by the 
controller 83, as a specific operating method of the interme 
diate-pressure bypass valve 9 and the pre-expansion valve 6, 
is described with reference to a flowchart shown in FIG. 5. 
0092. The refrigeration cycle device 100 uses the correla 
tion between the high-pressure-side pressure and the dis 
charge temperature and executes the control of the interme 
diate-pressure bypass valve 9 and the pre-expansion valve 6 
based on the discharge temperature that can be relatively 
inexpensively measured, without use of the high-pressure 
side pressure that requires an expensive sensor for measure 
ment. 

0093. When the refrigeration cycle device 100 is in opera 
tion, the optimal high-pressure-side pressure is not always 
constant. Hence, in the refrigeration cycle device 100, storage 
means such as a ROM mounted on the controller 83 previ 
ously stores data Such as the outdoor air temperature detected 
by the temperature sensor 52 and the indoor temperature 
detected by the temperature sensor 53, in a form of table. 
Then, the controller 83 determines a target discharge tem 
perature from the data stored in the storage means (step 201). 
Then, the controller 83 acquires a detection value (a discharge 
temperature) from the temperature sensor 51 (step 202). The 
controller 83 compares the target discharge temperature 
determined in step 201 with the discharge temperature 
acquired in step 202 (step 203). 
0094. If the discharge temperature is lower than the target 
discharge temperature (step 203; YES), the high-pressure 
side pressure tends to be lower than the optimal high-pres 
sure-side pressure, and hence the controller 83 judges first 
whether or not the intermediate-pressure bypass valve 9 is 
fully closed (step 204). If the intermediate-pressure bypass 
valve 9 is fully closed (step 204; YES), the controller 83 
operates the pre-expansion valve 6 in the closing direction 
(step 205), to reduce the pressure of the refrigerant which 
flows into the expander 7, to decrease the refrigerant density, 
and to increase the high-pressure-side pressure and the dis 
charge temperature. If the intermediate-pressure bypass valve 
9 is not fully closed (step 204; NO), the controller 83 operates 
the intermediate-pressure bypass valve 9 in the closing direc 
tion (step 206), to increase the intermediate pressure, to 
increase the required compression power of the Sub-compres 
Sor 2, and to increase the high-pressure-side pressure and the 
discharge temperature. 
0095. In contrast, if the discharge temperature is higher 
than the target discharge temperature (step 203; NO), the 
high-pressure-side pressure tends to be higher than the opti 
mal high-pressure-side pressure, and hence the controller 83 
determines first whether or not the pre-expansion valve 6 is 
fully opened (step 207). If the pre-expansion valve 6 is fully 
opened (step 207. YES), the controller 83 operates the inter 
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mediate-pressure bypass valve 9 in the opening direction 
(step 208), to reduce the intermediate pressure, to decrease 
the required compression power of the Sub-compressor 2, and 
to reduce the high-pressure-side pressure and the discharge 
temperature. Also, if the pre-expansion valve 6 is not fully 
opened (step 207; NO), the controller 83 operates the pre 
expansion valve 6 in the opening direction (step 209), not to 
reduce the pressure of the refrigerant which flows into the 
expander 7, and to reduce the high-pressure-side pressure and 
the discharge temperature. 

0096. After these steps, the control returns to step 201, and 
repeats steps 201 to 209. Since such control is executed, the 
associated control of the intermediate-pressure bypass valve 
9 and the pre-expansion valve 6 can be provided as shown in 
FIG. 6. To be more specific, the controller 83 adjusts the 
high-pressure-side pressure by operating the pre-expansion 
valve 6 if the high-pressure-side pressure is low and the 
opening degree of the intermediate-pressure bypass valve is a 
minimum opening degree, and by operating the intermediate 
pressure bypass valve 9 if the high-pressure-side pressure is 
high and the opening degree of the pre-expansion valve 6 is a 
maximum opening degree. It is to be noted that, in FIG. 6, the 
horizontal axis indicates the high/low level of the high-pres 
Sure-side pressure, the upper section of the vertical axis indi 
cates the opening degree of the pre-expansion valve 6, and the 
lower section of the vertical axis indicates the opening degree 
of the intermediate-pressure bypass valve 9. 
0097. As described above, the highly efficient operation of 
the refrigeration cycle device 100 can be achieved by control 
ling the opening degrees of the pre-expansion valve 6 and the 
intermediate-pressure bypass valve 9. However, if the differ 
ence in pressure at the pre-expansion valve 6 is large or if the 
flow rate of the refrigerant flowing through the intermediate 
pressure bypass valve 9 is large, the power to be recovered is 
reduced. Hence, the operating efficiency of the refrigeration 
cycle device 100 may be decreased. Owing to this, a design 
volume ratio (VC/VE) that can constantly highly efficiently 
recover the power in a wide operating range and that can 
highly efficiently maintain the operating efficiency of the 
refrigeration cycle device 100 is discussed. 
0.098 FIGS. 10 to 12 are characteristic diagrams each 
showing the relationship between the design volume ratio and 
the operating efficiency of an example of a main compressor 
according to Embodiment of the invention. Also, FIGS. 10 to 
12 each show the operating efficiency as the COP improve 
ment rate. Part (A) of each figure shows the correlation 
between the design volume ratio and the COP improvement 
rate. This COP improvement rate is provided with reference 
to a COP of a refrigeration cycle device having a refrigerant 
circuit shown in FIG. 1 by using an expansion valve instead of 
the expander 7 and the sub-compressor 2. Also, part (B) of 
each of FIGS. 10 to 12 shows the position of the injection port 
113 in a section of a compression part of the main compressor 
1 (the oscillating scroll 104 and the fixed scroll 105). Also, 
FIG. 10 shows a main compressor 1 having an injection port 
at an early position. FIG. 11 shows a main compressor 1 
having an injection port at an intermediate position. FIG. 12 
shows a main compressor 1 having an injection port at a late 
position, When the position of the injection port 113 is 
described, “early.” “intermediate.” and “late” are used. The 
position of the injection port 113 becomes more “early as the 
rotation angle by which the injection port 113 is open to the 
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compression chamber 108 becomes small, and the position of 
the injection port 113 is “late” as the rotation angle becomes 
large. 
0099. As shown in FIGS. 10 to 12, the design volume ratio 
(VC/VE) with the COP improvement rate being the maxi 
mum can be found in both the cooling operation and the 
heating operation. The design volume ratio (VC/VE) is a 
position that satisfies Expression (2) for the desirable high 
pressure-side pressure. If the high-pressure-side pressure 
becomes outside the desirable range due to the constraint of 
constant density ratio, as indicated by a white arrow in each of 
FIGS. 10 to 12, the high-pressure-side pressure is controlled 
to be within the desirable pressure range by expansion of the 
refrigerant by the pre-expansion valve 6 and the bypasses for 
the refrigerant of the intermediate-pressure bypass valve 9 
and the bypass passage 33, and hence the operating efficiency 
of the refrigeration cycle device 100 is highly efficiently 
maintained. 
0100 Also, referring to FIGS. 10 to 12, it is found that a 
decrease in COP improvement rate when the design volume 
ratio (VC/VD) is increased is larger than a decrease in COP 
improvement rate when the design volume ratio (VC/VD) is 
decreased, in both of the cooling operation and the heating 
operation. Accordingly, it is understood that, to markedly 
increase the COP improvement rate in both the cooling opera 
tion and the heating operation, the design Volume ratio (VC/ 
VE) may be set smaller only by a predetermined value than a 
value with the COP improvement rate being the maximum. 
0101 Since the design volume ratios (VC/VE) in the cool 
ing operation and the heating operation are the same, the 
operating condition with the COP improvement rate being the 
maximum is a condition, under which the ambient tempera 
ture of the radiator is the lowest and the ambient temperature 
of the evaporator is the highest in both of the cooling and 
heating operations. Hence, the design volume ratio (VC/VE) 
of the sub-compressor 2 and the expander 7 may be set 
Smaller only by a predetermined value than the design volume 
ratio (VC/VE) under the operating condition with the COP 
improvement rate being the maximum. 
0102. In other words, based on Expression (4), the divert 
ingratioW can be expressed by Expression (5) as follows: 

0103) Accordingly, the design volume ratio (VC/VE) of 
the sub-compressor 2 and the expander 7 can be expressed by 
Expression (6) as follows by using Expressions (3) and (5): 

0104. That is, (DE/DC)x(hE hF)/(hB ha) under the oper 
ating condition with the COP improvement rate being the 
maximum may be obtained, and the design Volume ratio 
(VC/VE) of the sub-compressor 2 and the expander 7 may be 
set so as to be smaller than the obtained value only by a 
predetermined value. 
0105. By setting the design volume ratio (VC/VE) of the 
sub-compressor 2 and the expander 7, even if it is difficult to 
adjust the high-pressure-side pressure to the optimal pressure 
due to the constraint of constant density ratio, the power can 
be highly efficiently recovered in a wide operating range, and 
hence the operating efficiency of the refrigeration cycle 
device 100 can be maintained to be highly efficient. 
0106. In this case, as understood from FIGS. 10 to 12, it is 
found that the design volume ratio (VC/VE) with the COP 
improvement rate being the maximum are different depend 
ing on the position of the injection port 113. To be more 
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specific, the more “late” the position of the injection port 113 
is, the smaller the design volume ratio (VC/VE) with the COP 
improvement rate being the maximum becomes. Also, the 
intermediate pressure, which is an intermediate position of 
the compression process of the main compressor 1, are dif 
ferent depending on the position of the injection port 113. 
Hence, if the design volume ratio (VC/VE) of the sub-com 
pressor 2 and the expander 7 is set with regard to the position 
of the injection port 113, the refrigeration cycle device 100 
can be more efficiently operated. 
0107 FIG. 13 is a characteristic diagram showing the rela 
tionship between the design volume ratio and the intermedi 
ate pressure under a cooling condition having a difference in 
position of the injection port of the main compressor accord 
ing to Embodiment of the invention. FIG. 13 shows an inter 
mediate pressure and a high pressure with reference to a low 
pressure serving as “1,” The intermediate pressure is a pres 
sure in the compression chamber 108 after the refrigerant is 
injected from the Sub-compressor 2 to the compression cham 
ber 108 of the main compressor 1 and the passage between the 
compression chamber 108 and the injection port 113 is 
closed. 

0.108 FIG. 13 shows three curves extending toward the 
upper right side including “early.” “intermediate.” and “late' 
corresponding to the main compressors 1 shown in FIGS. 10 
to 12. These are intermediate pressures when the refrigerant 
by the amount corresponding to the diverting ratio W deter 
mined by the design volume ratio (VC/VE) is reliably entirely 
injected from the sub-compressor 2 to the compression cham 
ber 108 of the main compressor 1. Also, FIG. 13 shows a 
curve extending toward the lower right side. This is a dis 
charge pressure when the refrigerant by the diverting ratioW 
determined by the amount corresponding to the design Vol 
ume ratio (VC/VE) is discharged from the sub-compressor 2. 
A region, which is located at the left side of the intersection 
between the curve extending toward the upper right side 
indicative of the intermediate pressure after closing at the 
position of the injection port 113 and the curve extending 
toward the lower right side indicative of the pressure of the 
compression by the Sub-compressor 2, and which is defined 
by the curves extending toward the upper right side and the 
curve extending toward the lower right side is an operable 
intermediate pressure. For example, when the curve of the 
intermediate pressure after closing in FIG. 13 is considered as 
an example, if the design volume ratio (VC/VE) is 1 with 
reference to the intersection with the “late' curve extending 
toward the upper light side, the intermediate pressure after 
closing of the main compressor 1 shown in FIG. 12 becomes 
about 2.2. 

0109) Abroken line in FIG. 13 indicates a geometric mean 
of the high pressure and the low pressure. If the design vol 
ume ratio (VC/VE) is changed, the injection flow rate is 
changed, and hence the intermediate pressure is changed. The 
value of the curve extending toward the upper right side when 
the design volume ratio (VC/VE)=0 indicates the intermedi 
ate pressure with the injection flow rate being Zero. This 
indicates the intermediate pressure at each of the positions of 
the injection ports. The intermediate pressure when the posi 
tion of the injection port is “intermediate' almost corresponds 
to the geometric mean of the high pressure and the low pres 
SU 

0110 Referring to FIG. 13, it is found that the intermedi 
ate pressure after dosing is increased as the position of the 
injection port 113 becomes “late.” This is because the volume 
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of the compression chamber 108 is decreased as the position 
of the injection port 113 becomes “late.” Accordingly, the 
flow rate of the refrigerant to be injected relatively is 
increased. If the intermediate pressure after closing is too 
high, the refrigerant cannot be injected from the Sub-com 
pressor 2 to the main compressor 1 due to the following 
reason. Accordingly, the high pressure cannot be controlled, 
the pressure is increased, and the operating efficiency may be 
degraded. 
0111. Also, at the intersection between the curve extend 
ing toward the upper right side and the curve extending 
toward the lower right side in FIG. 13, the discharge pressure 
of the Sub-compressor 2 corresponds to the intermediate pres 
sure after closing at the position of the injection port 113 of 
the main compressor 1, and the COP improvement rate 
becomes the maximum. 
0112 That is, assuming the recovery power at the 
expander 7 is Substantially equivalent to the compression 
power at the Sub-compressor 2, Expression (4) is provided. 
However, in strict sense, the outlet specific enthalpy hB pro 
vided by Expression (4) is not the outlet specific enthalpy of 
the Sub-compressor 2, but represents a specific enthalpy at an 
intermediate position (that is, the position at which the refrig 
erant is injected from the Sub-compressor 2) of the compres 
sion process of the main compressor 1. Hence, if the outlet 
specific enthalpy of the sub-compressor 2 is hB', (hB ha) of 
Expression (4) becomes Expression (7) as follows: 

0113. That is, a difference in enthalpy from the inlet of the 
main compressor 1 to the intermediate position of the com 
pression process is larger than a difference in enthalpy from 
the inlet to the outlet of the sub-compressor 2. The factor is 
required power (a portion corresponding to C.) for injecting 
the refrigerant discharged from the Sub-compressor 2, to the 
main compressor 1. That is, in strict sense, “the recovery 
power at the expander 7 does not match “the compression 
power at the sub-compressor 2 but matches “the sum of the 
compression power at the Sub-compressor 2 and the inflow 
work of the sub-compressor 2 to the main compressor 1. 
Hence, if the intermediate pressure after dosing is too high, 
the inflow work from the sub-compressor 2 to the main com 
pressor 1 is increased, and the refrigerant is no longer injected 
from the Sub-compressor 2 to the main compressor 1. 
0114 FIG. 14 reflects the result of FIG. 13 to the relation 
ship between the design volume ratio and the COP improve 
ment rate under the cooling conditions shown in FIGS. 10 to 
12. Three curves indicated by thick lines and protruding 
upward in FIG. 14 are COP improvement rates in cases of 
“late.”“intermediate,” and “early” from the left. Abroken line 
is an envelope of peaks of these curves. The envelope is also 
a curve having the maximum value (a curve protruding 
upward). In FIG. 14, it is found that the COP improvement 
rate is decreased as the position of the injection port 113 is 
shifted from “intermediate' to “late.” This is because the 
injection flow rate is increased as the position of the injection 
port 113 is shifted from “intermediate' to “late.” Hence, the 
required power (the portion corresponding to C.) for injecting 
the refrigerant to the main compressor 1 is increased due to a 
pressure loss. Also, it is found that the COP improvement rate 
decreases as the position of the injection port 113 shifts from 
“intermediate' to “early.” This is because it becomes more 
difficult to inject the refrigerant from the sub-compressor 2 to 
the main compressor 1 due to the formation position of the 
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injection port 113; it becomes more difficult to inject the 
refrigerant as the position of the injection port 113 shifts from 
“intermediate' to “early.” Since the required power (the por 
tion corresponding to C.) has a large uncertainty, it is prefer 
able to determine the position of the injection port 113 from 
“intermediate' to “early.” 
0115 Also, FIG. 15 is a characteristic diagram showing 
the relationship between the design volume ratio and the 
intermediate pressure under a heating condition having a 
difference in position of the injection port of the main com 
pressor according to Embodiment of the invention. FIG. 16 
reflects the result of FIG. 15 to the relationship between the 
design volume ratio and the COP improvement rate under the 
heating conditions shown in FIGS. 10 to 12. Even under the 
heating condition, similarly to the cooling condition, it is 
found that the COP improvement rate decreases as the posi 
tion of the injection port 113 shifts from “intermediate' to 
“late.” Similarly to the cooling condition, this is because the 
injection flow rate increases as the position of the injection 
port 113 shifts from “Intermediate' to “late.” Hence, the 
required power (the portion corresponding to C.) for injecting 
the refrigerant to the main compressor 1 is increased due to a 
pressure loss. Also, it is found that the COP improvement rate 
decreases as the position of the injection port 113 shifts from 
“intermediate' to “early.” 
0116 Similarly to the cooling condition, this is because it 
becomes more difficult of inject the refrigerant from the sub 
compressor 2 to the main compressor 1 due to the formation 
position of the injection port 113; it is more difficult to inject 
the refrigerant as the position of the injection port 113 shifts 
from “intermediate' to “early.” Since the required power (the 
portion corresponding to C.) has a large uncertainty, under the 
heating condition, similarly to the cooling condition, it is 
preferable to determine the position of the injection port 113 
from “intermediate' to “early.” 
0117. In Embodiment, the position of the injection port 
113 and the design volume ratio (VC/VE) are determined so 
that the required power for injecting the refrigerant to the 
main compressor 1 does not become excessively large, that is, 
the intermediate pressure after closing does not become 
excessively large. To be specific, the intermediate pressure 
(more specifically, the intermediate pressure after closing) is 
set so as to be equal to or Smaller than a geometric mean value 
between the high pressure (the discharge pressure of the main 
compressor 1) and the low pressure (the Suction pressure of 
the main compressor 1) under the operating condition with 
the COP improvement rate being the maximum in the oper 
ating range allowed to be set. Then, the position of the injec 
tion port 113 and the design volume ratio (VC/VE) are deter 
mined to attain the intermediate pressure. 
0118. As described above, by preventing the required 
power for injecting the refrigerant to the main compressor 1 
from being excessively large, that is, by preventing the inter 
mediate pressure after closing from being excessively large, 
the refrigeration cycle device 100 can be further highly effi 
ciently operated. Also, generally, if the intermediate pressure 
is set at a geometric mean value of the high pressure and the 
low pressure or Smaller, the refrigeration cycle device can be 
highly efficiently operated. Hence, the intermediate pressure 
(more specifically, the intermediate pressure after closing) is 
set so as to be equal to or Smaller than a geometric mean value 
between the high pressure (the discharge pressure of the main 
compressor 1) and the low pressure (the Suction pressure of 
the main compressor 1) under the operating condition with 
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the COP improvement rate being the maximum in the oper 
ating range allowed to be set, Accordingly, the refrigeration 
cycle device 100 can be further highly efficiently operated. 
0119) Also, if the intermediate pressure after closing 
becomes excessively large, excessive compression occurs in 
the compression process (the compression process from the 
intermediate pressure to the high pressure) of the main com 
pressor 1 after the injection, electric input of the main com 
pressor 1 may be increased, and the operating efficiency of the 
refrigeration cycle device 100 may be decreased. Owing to 
this, the design volume ratio (VC/VE) is set with regard to a 
decrease in operating efficiency due to excessive compres 
Sion, in addition to a decrease in operating efficiency due to 
the inflow work from the sub-compressor 2 to the main com 
pressor 1. Accordingly, the refrigeration cycle device 100 can 
be further highly efficiently operated. 
0120. As shown in FIGS. 14 and 16, the COP is decreased 
if the position of the injection port is “late.” If the design 
volume ratio (VC/VE) is set within a range from 1 to 2.5, the 
high COP can be provided in the operating range of the 
refrigeration cycle device. 
0121. In the refrigeration cycle device 100 according to 
Embodiment, (DE/DC)x(hE-hF)/(hB-ha) under the operat 
ing condition with the COP improvement rate being the maxi 
mum in the operating conditions allowed to be set may be 
obtained, and the design volume ratio (VC/VE) of the sub 
compressor 2 and the expander 7 may be set So as to be 
smaller than the obtained value only by a predetermined 
value. Accordingly, even if it is difficult to adjust the high 
pressure-side pressure to the optimal pressure due to the 
constraint of constant density ratio, the power can be highly 
efficiently recovered in a wide operating range, and the oper 
ating efficiency of the refrigeration cycle device 100 can be 
highly efficiently maintained. 
0122. In the refrigeration cycle device 100 according to 
Embodiment, the position of the injection port 113 and the 
design volume ratio (VC/VE) are determined so that the 
required power for injecting the refrigerant to the main com 
pressor 1 does not become excessively large, that is, the 
intermediate pressure after closing does not become exces 
sively large. To be specific, the intermediate pressure (more 
specifically, the intermediate pressure after closing) is set so 
as to be equal to or Smaller than a geometric mean value 
between the high pressure (the discharge pressure of the main 
compressor 1) and the low pressure (the Suction pressure of 
the main compressor 1) under the operating condition with 
the COP improvement rate being the maximum in the oper 
ating range allowed to be set. Then, the position of the injec 
tion port 113 and the design volume ratio (VC/VE) are deter 
mined to attain the intermediate pressure. Accordingly, the 
refrigeration cycle device 100 can be further highly effi 
ciently operated. 
0123. Also, in the refrigeration cycle device 100 according 

to Embodiment, since the design volume ratio (VC/VE) is set 
in the range from 1 to 2.5, the refrigeration cycle device 100 
can be further highly efficiently operated. 
0.124. Also, in the refrigeration cycle device 100 according 
to Embodiment, with the opening-degree operation for the 
intermediate-pressure bypass valve 9 and the pre-expansion 
valve 6, the high-pressure-side pressure can be adjusted to the 
desirable high-pressure-side pressure, and the power can be 
reliably recovered without bypassing the expander 7. Accord 
ingly, the refrigeration cycle device 100 can be further highly 
efficiently operated. 
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0.125. Also, the refrigeration cycle device 100 according to 
Embodiment can reduce likelihood of occurrence of phenom 
ena expected if the amount by which the refrigerant bypasses 
the expander 7 is large and causing degradation of reliability, 
for example, degradation in lubrication state and expansion at 
a sliding portion because of a low rotation speed of the 
expander 7, exhaustion of oil in the compressor because the 
oil stays in the passage of the expander 7, and start with a 
stagnated refrigerant at the time of restart. 
I0126. Also, in the refrigeration cycle device 100 according 
to Embodiment, since an expander bypass valve is not 
required, an expansion loss that is generated when the refrig 
erant is expanded by the expander bypass valve is not gener 
ated, and a decrease in refrigerating effect at the evaporator 
can be restricted. 
I0127. Also, in the refrigeration cycle device 100 according 
to Embodiment, even when the sub-compressor 2 can hardly 
compress the refrigerant, part of the circulating refrigerant is 
caused to flow into the sub-compressor 2. Owing to this, with 
the refrigeration cycle device 100, as compared with a case in 
which the entire amount of the circulating refrigerant is 
caused to flow, the Sub-compressor 2 serves as a passage 
resistance for the refrigerant, and hence the performance is 
not degraded. The case in which the Sub-compressor 2 can 
hardly compress the refrigerant is, for example, a case in 
which the difference between the high-pressure-side pressure 
and the low-pressure-side pressure is Small and the recovery 
power of the expander 7 is excessively small, such as the 
cooling operation with a low outdoor air temperature, or the 
heating operation with a low indoor temperature. 
I0128. Also, the refrigeration cycle device 100 according to 
Embodiment is configured such that the compression func 
tion is divided into the main compressor 1 having the driving 
source, and the sub-compressor 2 driven by the power of the 
expander 7. Hence, with the refrigeration cycle device 100, 
the structure design and function design can be divided. 
Hence, problems in view of design and manufacturing are less 
than those of an integrated apparatus of the driving source, 
expander, and compressor. 
I0129. Also, in the refrigeration cycle device 100 according 
to Embodiment, the target value of the opening-degree opera 
tion for the intermediate-pressure bypass valve 9 and the 
pre-expansion valve 6 is the discharge temperature of the 
main compressor 1; however, a pressure sensor may be pro 
vided in the discharge pipe 35 of the main compressor 1 and 
the control may be based on the discharge pressure. 
0.130. In the refrigeration cycle device 100 according to 
Embodiment, the target value of the opening-degree opera 
tion for the intermediate-pressure bypass valve 9 and the 
pre-expansion valve 6 is the discharge temperature of the 
main compressor 1; however, the target value may be a degree 
of superheat at the refrigerant outlet of the indoor heat 
exchanger 21 functioning as the evaporator during the cool 
ing operation. In this case, the controller 83 may previously 
store information from a pressure sensor that is arranged in 
the refrigerant pipe between the outlet of the expander 7 and 
the main compressor 1 or the Sub-compressor 2 and detects a 
low-pressure-side pressure, and information from a tempera 
ture sensor that detects a refrigerant outlet temperature of the 
indoor heat exchanger 21, in a form of table in a ROM or the 
like, and the controller 83 may determine a target degree of 
Superheat. 
I0131. Also, a controller may be provided in the indoor unit 
82 and a target degree of Superheat may be set. In this case, the 
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target degree of superheat may be sent to the controller 83 
through communication between the indoor unit 82 and the 
outdoor unit 81 in a wired or wireless manner. 
0.132. Further, regarding the relationship of the degree of 
Superheat between the high-pressure-side pressure and the 
evaporator, the higher the high-pressure-side pressure, the 
larger the degree of Superheat, and the lower the high-pres 
Sure-side pressure, the Smaller the degree of Superheat. Thus, 
control may be executed Such that the discharge temperature 
in step 203 of the flowchart in FIG. 5 is replaced with the 
degree of Superheat. 
0133. In the refrigeration cycle device 100 according to 
Embodiment, the target value of the opening-degree opera 
tion for the intermediate-pressure bypass valve 9 and the 
pre-expansion valve 6 is the discharge temperature of the 
main compressor 1; however, the target value may be a degree 
of subcooling at the refrigerant outlet of the indoor heat 
exchanger 21 functioning as the radiator during the heating 
operation. 
0134 Carbon dioxide is used as the refrigerant of the 
refrigeration cycle device 100 according to Embodiment. 
When such refrigerant is used, if the air temperature of the 
radiator is high, the refrigerant is not condensed at the high 
pressure side unlike a conventional chlorofluorocarbon 
refrigerant and is brought into a Supercritical cycle, Hence, 
the degree of Subcooling cannot be calculated from a satura 
tion pressure and a Saturation temperature. Owing to this, as 
shown in FIG. 9, a pseudo-saturation pressure and a pseudo 
saturation temperature To are determined with reference to an 
enthalpy at a critical point, and the difference with respect to 
a refrigerant temperature Too may be used as a pseudo-degree 
of subcooling Tsc (see Expression (8) as follows): 

Tsc=TC-T co (8). 

0135 Also, regarding the relationship between the high 
pressure-side pressure and the degree of Superheat of the 
radiator, the higher the high-pressure-side pressure, the larger 
the degree of Subcooling, and the lower the high-pressure 
side pressure, the Smaller the degree of Subcooling. Thus, 
control may be executed Such that the discharge temperature 
in step 203 of the flowchart in FIG. 5 is replaced with the 
degree of Subcooling. 
0136. Also, in the refrigeration cycle device 100 according 

to Embodiment, the refrigerant compressed by the sub-com 
pressor 2 is injected to the compression chamber 108 of the 
main-compressor 1. Alternatively, for example, the compres 
sion mechanism of the main compressor 1 may be divided 
into two-stage compression and the refrigerant may be 
injected to a passage connecting a low-stage-side compres 
sion chamber and a downstream-stage-side compression 
chamber. Still alternatively, the main compressor 1 may be 
configured to execute two-stage compression by a plurality of 
compressors. 
0.137 In the refrigeration cycle device 100 according to 
Embodiment, the outdoor heat exchanger 4 and the indoor 
heat exchanger 21 are each a heat exchanger that exchanges 
heat with the air; however, the configuration is not limited to 
the above, and may employ a heat exchanger that exchanges 
heat with other heat medium, such as water or brine. 
0138 Also, in the refrigeration cycle device 100 according 

to Embodiment, it is exemplarily described that the refriger 
ant passage is Switched in accordance with the operation 
mode relating to cooling and heating, by the first four-way 
valve 3 and the second four-way valve 5; however, the con 
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figuration is not limited to the above. For example, a two-way 
valve, a three-way valve, or a check valve may switch the 
refrigerant passage. 

INDUSTRIAL APPLICABILITY 

0.139. The present invention is suitable for, for example, a 
hot-water Supply device, a home-use refrigeration cycle 
device, a commercial-use refrigeration cycle device, or a 
vehicle-use refrigeration cycle device. A refrigeration cycle 
device that constantly recovers power in a wide operating 
range and is highly efficiently operated can be provided. In 
particular, a refrigeration cycle device that uses carbon diox 
ide as a refrigerant and has a high-pressure side in a Super 
critical state is advantageous. For example, if the refrigeration 
cycle device according to the invention is used for a hot-water 
supply device, the design volume ratio (VC/VE) of the sub 
compressor 2 and the expander 7 may be set so that the 
operating condition with the COP improvement rate being the 
maximum in the operating conditions allowed to be set may 
be determined as a condition in which the ambient tempera 
ture of the evaporator is the highest, the water temperature of 
water which flows into the radiator is the lowest, and the water 
temperature of water which flows out from the radiator (a set 
hot-water outflow temperature) is the lowest. 

REFERENCE SIGNS LIST 

0140 main compressor 2 sub-compressor 3 first four-way 
valve 4 outdoor heat exchanger 5 second four-way valve 6 
pre-expansion valve 7 expander 8 accumulator 9 intermedi 
ate-pressure bypass valve 10 check valve 21 indoor heat 
exchanger 31 sub-compression passage 32 Suction pipe 33 
bypass passage 34 refrigerant passage 35 discharge pipe 36 
liquid pipe 37 gas pipe 43 driving shaft 51, 52.53 temperature 
sensor outdoor unit 82 indoor unit 83 controller 84 hermeti 
cally sealed container 100 refrigeration cycle device 101 shell 
102 motor 103 shaft 104 oscillating scroll 105 fixed scroll 106 
inflow pipe 107 low-pressure space 108 compression cham 
ber 109 compression chamber 110 outflow port 111 high 
pressure space 112 outflow pipe 113 injection port 114 injec 
tion pipe 

1. A refrigeration cycle device comprising: 
a main compressor that compresses a refrigerant from a 

low pressure to a high pressure; 
a radiator that dissipates heat of the refrigerant, which has 

been discharged from the main compressor, 
an expander that reduces a pressure of the refrigerant, 

which has passed through the radiator, 
an evaporator that causes the refrigerant, which has flowed 

out from the expander, to evaporate; 
a Sub-compression passage having one end connected to a 

Suction pipe, which connects the evaporator with a Suc 
tion side of the main compressor, and the other end 
connected to an intermediate position of a compression 
process of the main compressor, 

a sub-compressor that is provided in the Sub-compression 
passage, compresses a part of the refrigerant with the 
low pressure, the part which has flowed out from the 
evaporator, to an intermediate pressure, and injects the 
refrigerant to the intermediate position of the compres 
sion process of the main compressor, and 

a driving shaft that connects the expander with the sub 
compressor, and transfers power, which is generated 



US 2014/O157811 A1 

when the pressure of the refrigerant is reduced by the 
expander, to the Sub-compressor, 

wherein a design volume ratio (VC/VE), which is a value 
obtained by dividing a stroke volume VC of the sub 
compressor by a stroke volume VE of the expander, is set 
to be smaller than (DE/DC)x(hE-hF)/(hB-ha), and 

wherein, under a condition with an operating efficiency 
being the maximum in an operating range allowed to be 
set of the refrigeration cycle device, DE is a density of 
the refrigerant, which has flowed out from the radiator, 
DC is a density of the refrigerant, which has flowed out 
from the evaporator, hE is a specific enthalpy of the 
refrigerant, which flows into the expander, hF is a spe 
cific enthalpy of the refrigerant, which has flowed out 
from the expander, ha is a specific enthalpy of the refrig 
erant, which is sucked by the main compressor, and hB 
is a specific enthalpy of the refrigerant at the intermedi 
ate position of the compression process of the main 
compressor. 

2. The refrigeration cycle device of claim 1, 
wherein the refrigeration cycle device is used for an air 

conditioning apparatus, 
wherein the radiator and the evaporator are each a heat 

exchanger in which heat is exchanged between the air 
and the refrigerant, and 

wherein the condition by which the operating efficiency 
becomes the maximum in the operating range allowed to 
be set of the refrigeration cycle device is an operating 
state in which an ambient temperature of the radiator is 
the lowest and an ambient temperature of the evaporator 
is the highest. 

3. The refrigeration cycle device of claim 2, 
wherein the refrigeration cycle device can perform cooling 

and heating, and 
wherein the design volume ratio (VC/VE) is set to be equal 

to or smaller than (DE/DC)x(hE-hF)/(hB-ha) during a 
heating operation and equal to or larger than (DE/DC)x 
(hE-hF)/(hB-hA) during a cooling operation. 

4. The refrigeration cycle device of claim 1, 
wherein an intermediate pressure of the refrigerant at a 

connection position of the main compressor with the 
Sub-compression passage is set to be smaller than a 
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geometric mean value of the low pressure and the high 
pressure under the condition by which the operating 
efficiency becomes the maximum in the operating range 
allowed to be set of the refrigeration cycle device. 

5. The refrigeration cycle device of claim 1, 
wherein the design volume ratio (VC/VE) is 2.5 or smaller. 
6. The refrigeration cycle device of claim 1, 
wherein the design volume ratio (VC/VE) is 1 or larger. 
7. The refrigeration cycle device of claim 1, further com 

prising: 
a pre-expansion valve that is provided between the 

expander and the radiator, and reduces the pressure of 
the refrigerant, which flows into the expander; 

a bypass passage that connects a discharge-side pipe of the 
Sub-compressor with the Suction pipe; 

a bypass valve that is provided in the bypass passage and 
adjusts a flow rate of the refrigerant flowing through the 
bypass passage; and 

a controller that controls an opening degree of the pre 
expansion valve and an opening degree of the bypass 
valve. 

8. The refrigeration cycle device of claim 7, wherein the 
controller controls the opening degree of the pre-expansion 
valve and the opening degree of the bypass valve to adjust a 
high-pressure-side pressure of the refrigerant. 

9. The refrigeration cycle device of claim 7, wherein the 
controller controls the opening degree of the pre-expansion 
valve and the opening degree of the bypass valve to adjust a 
temperature of the refrigerant, which is discharged from the 
main compressor. 

10. The refrigeration cycle device of claim 7. 
wherein an end portion at the side of the suction pipe of the 

bypass passage is connected to the Suction pipe in an 
area between a connection portion of the Sub-compres 
sion passage with the Suction pipe and the main com 
pressor. 

11. The refrigeration cycle device of claim 1, 
wherein carbon dioxide is used as the refrigerant. 
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